We search for hints to the origin and nature of compact stellar systems in the magnitude range of ultracompact dwarf galaxies in deep wide-field imaging data of the Fornax cluster core. We visually investigate a large sample of 355 spectroscopically confirmed cluster members with V -band equivalent magnitudes brighter than −10 mag for faint extended structures. Our data reveal peculiar compact stellar systems, which appear asymmetric or elongated from their outer light distribution. We characterize the structure of our objects by quantifying their core concentration, as well as their outer asymmetry and ellipticity. For the brighter objects of our sample we also investigate their spatial and phase-space distribution within the cluster. We argue that the distorted outer structure alone that is seen for some of our objects, is not sufficient to decide whether these systems have a star cluster or a galaxy origin. However, we find that objects with low core concentration and high asymmetry (or high ellipticity) are primarily located at larger cluster-centric distances as compared to the entire sample. This supports the hypothesis that at least some of these objects may originate from tidally stripped galaxies.
INTRODUCTION
The discovery of a new type of compact stellar system in the Fornax cluster with luminosities comparable to dwarf galaxies, but of much smaller size, was reported by Hilker et al. (1999) and Drinkwater et al. (2000b) . The detected objects, named 'ultracompact dwarf galaxies' (UCDs) by Phillipps et al. (2001) , started to fill the mass-size parameter space in between globular clusters (GCs) and compact elliptical galaxies (cEs) in the stellar mass range M * = 10 6 −10 8 M ⊙ and with half-light radii between r h = 3 and 100 pc. With the growing number of UCDs, compact galaxies and star clusters are no longer separated, but form instead one sequence of compact stellar systems. One of the main questions driving the investigation of UCDs is thus whether they rather constitute the high-mass, large-size end of the star cluster distribution, or the low-mass and smallsize end of the galaxy population.
Previous studies showed that most UCDs have properties similar to GCs with regard to their ages, metallicities and α-element abundances (e.g. Frank et al. 2011 ; ⋆ E-mail: cw@x-astro.net Francis et al. 2012) . Furthermore, on the basis of number counts, Mieske et al. (2012) concluded that UCDs in the Fornax cluster would statistically be fully consistent with being the brightest members of the central cluster galaxy's GC population. There is an ongoing discussion on the formation scenarios of GCs themselves (e.g. Kruijssen 2014 Kruijssen , 2015 . One model suggests that the formation of GCs may be triggered during major mergers of gas-rich galaxies (Ashman & Zepf 1992) . Support for this scenario can be found in observations of the interacting Antennae galaxies (Whitmore & Schweizer 1995) , which show large star cluster complexes residing in giant H ii regions, consisting of up to hundreds of individual young massive star clusters. Simulations of the evolution of such young massive star clusters in star cluster complexes showed that the merging of clusters would form a compact object with parameters in the range of typical UCDs (Fellhauer & Kroupa 2002; Brüns & Kroupa 2011) . However, hierarchical merging in star cluster complexes is not the only possible formation scenario for UCD-like objects during a galaxy merger. Renaud et al. (2015) concluded from a hydrodynamical simulation of an Antennae-like galaxy merger that UCD-like objects can also originate from merging of gas clumps dur-ing their formation. Based on observations of UCDs in the Perseus cluster, Penny et al. (2012) suggested a star cluster origin for two UCDs with very blue colours, residing in star-forming filaments of the central cluster galaxy.
Since their discovery, it has also been discussed that UCDs could be related to the population of galaxies. For cEs, which are adjacent to UCDs in magnitude and size, it was already suggested by Faber (1973) that these could be the remnant bulges of stripped spiral or early-type galaxies. Observational support for this scenario was found for example by Huxor et al. (2011) . For the lower-mass UCDs it was proposed that they could be the remnant nuclei of nucleated dwarf ellipticals that were tidally stripped while orbiting in the gravitational field of a galaxy cluster (Bekki et al. 2001; Drinkwater et al. 2003) . Various simulations of this tidal stripping scenario demonstrated that the stripped galaxy remnants would closely resemble observed UCDs from their structural parameters (Bekki et al. 2003a; Goerdt et al. 2008; Pfeffer & Baumgardt 2013) . Observational signatures for a stripped galaxy origin were found by several authors. For example, Norris et al. (2015) detected an extended star formation history for UCD NGC 4546-UCD1 (M * = 3.3 × 10 7 M ⊙ , r h = 25.5 pc). Also, Strader et al. (2013) found strong indications for a galaxy origin of UCD M60-UCD1 (M dyn = 2.0 × 10 8 M ⊙ , r h = 24.2 pc), which harbours a central X-ray source and shows strong indications for the presence of a massive black hole that makes up 15 per cent of the UCD's mass (Seth et al. 2014) . The presence of a massive black hole could also be the cause of the elevated dynamicalto-stellar mass ratio that was inferred for UCD M87-S999 (M dyn /M * = 8.2, M * = 3.9 × 10 6 M ⊙ , r h = 20.9 pc) (Janz et al. 2015) . Another example is UCD NGC 1275-UCD13 (M * = 4.4 × 10 7 M ⊙ , r h = 85 pc), for which Penny et al. (2014) concluded that the UCD's colour, size, metallicity, internal velocity dispersion, dynamical mass, and close proximity to the central cluster galaxy likely point to a stripped galaxy origin. Janz et al. (2016) observed that high-mass UCDs with M * 10 7 M ⊙ seem to be generally metal-rich in comparison to early-type galaxies in the same stellar mass range. This may indicate that the objects once were more massive galaxies that were stripped off their stellar material while retaining their central metallicity.
In general it is believed that both formation channels coexist for the population of UCDs (e.g. Hilker 2009; Norris et al. 2014) . For a few UCDs, some of which are mentioned above, either a star cluster or a galaxy origin was found to be more likely. In most cases, however, it was not possible so far to robustly distinguish between the proposed formation scenarios from the observed properties. This is also due to limited resolution and image depth, restricting a detailed analysis of the internal properties mainly to the brighter objects. Furthermore, due to the existence of a luminosity-size relation for the brighter UCDs (e.g. Evstigneeva et al. 2008; Caso et al. 2013) , with the fainter objects having smaller half-light radii, most of them appear unresolved or only partly resolved in seeing-limited observations.
Already in the early phase of UCD research, Drinkwater et al. (2003) found that the brightest UCD in Fornax (UCD 3) is significantly extended compared to the few other UCDs known at that time. Structural analysis in high resolution HST imaging of Virgo and Fornax cluster UCDs showed that some of the brightest UCDs are characterized by a two-component surface-brightness profile with a compact core and an extended low-surface-brightness envelope (De Propris et al. 2005; Evstigneeva et al. 2007 Evstigneeva et al. , 2008 . In ground-based imaging, a large number of UCDs with faint envelopes were detected in the Virgo cluster (Liu et al. 2015) . In the Fornax cluster, Richtler et al. (2005) and Voggel et al. (2016) reported that a few extended objects appear peculiar since they show asymmetric structures.
In deep imaging data of the Fornax cluster core, we search the known population of compact stellar systems for objects that appear significantly extended and/or exhibit peculiar structures. We visually investigate a large sample of 355 spectroscopically confirmed compact systems with V −band equivalent magnitudes between −14 and −10 mag for the presence of faint structures extending significantly beyond the point spread function (PSF). We quantify structure by introducing parameters that measure the core concentration, as well as the outer asymmetry and ellipticity. Then we relate these parameters to the spatial and phasespace distribution within the Fornax cluster. We limit our analysis to objects brighter than −10 mag, which corresponds to the magnitude range of UCDs or bright GCs (Misgeld & Hilker 2011; Norris et al. 2014 ). Since there is no unambiguous distinction of objects that have previously been classified as bright GCs and objects that were named UCDs, we will speak of 'compact stellar systems' throughout this paper.
We describe the observations and the sample definition in Section 2. Details of the analysis are given in Section 3. We present our results in Section 4 and discuss them in Section 5. The conclusions follow in Section 6.
DATA

Observations
The data are fully characterized by Lisker et al. (2016) . They were acquired in 2008 and 2010 with the WFI at the ESO/MPG 2.2m telescope (programmes 082.A-9016 and 084.A-9014, PI A. Pasquali, Guaranteed Time of the Max Planck Institute for Astronomy). We used a transparent filter that nearly equals the no-filter throughput (> 10 per cent in the range 350-900 nm) and thus provides a high signalto-noise ratio. Fig. 1 shows our deep image of the Fornax cluster core, covering a region of 100 arcmin in east-west and 76 arcmin in north-south direction. This corresponds to 576 and 438 kpc, respectively, at a distance of 20.0 Mpc for Fornax (using 5.76 kpc arcmin −1 ; Blakeslee et al. 2009 ), which we adopt throughout this work. Lisker et al. (2016) determined an approximate 'V −equivalent' magnitude calibration, based on spectroscopically confirmed foreground stars from Mieske et al. (2002 Mieske et al. ( , 2004 . In the following we denote V −equivalent magnitudes and surface brightnesses with the subscript 'V e'. Our data reach a V −equivalent depth of 26.58 and 26.76 mag arcsec −2 for the median and 75th percentile, respectively, at S/N = 1 per pixel (1 pixel = 0.238 arcsec, or 22.848 pc). The seeing PSF full width at half-maximum (FWHM) varies over the image (see also Fig. 2 ), but is typically about 1 arcsec. Details of the observations, data reduction, and data characterization are provided in Lisker et al. (2016) .
Catalogue compilation
Before defining our working sample, we first compiled a list of published compact stellar systems with spectroscopically confirmed Fornax cluster membership. We used the SIMBAD data base (Wenger et al. 2000) to identify relevant source catalogues, which yielded the following references: Schuberth et al. (2010) , Dirsch et al. (2004) , Bergond et al. (2007) , Firth et al. (2007) , Gregg et al. (2009 ), Mieske et al. (2004 of the Fornax Compact Object Survey), Mieske et al. (2002, part of the Fornax Compact Object Survey), Firth et al. (2008) , Drinkwater et al. (2000a, part of the Fornax Cluster Spectroscopic Survey), Kissler-Patig et al. (1999), and Kissler-Patig et al. (1998) . Tabulated cluster members from these references, in the given order, were appended to our object list if they were not within 1 arcsec of objects already in the list. Duplications within the same catalogue, which are present in Schuberth et al. (2010) and Dirsch et al. (2004) , were excluded. Based on this sequence, 695 objects were taken from Schuberth et al. (2010) , 113 from Dirsch et al. (2004) , 151 from Bergond et al. (2007) , and 123 from the remaining references (with no contributed objects from Drinkwater et al. 2000a and Kissler-Patig et al. 1998) , resulting in 1082 confirmed cluster members, of which 1058 were listed as compact systems and 24 as dwarf galaxies.
After excluding eight objects that lie outside of our mosaic, we visually inspected the remaining objects on the mosaic at their literature positions, using SAOImage DS9. We identified another 75 unambiguous duplications, as well as 20 published object coordinates for which we do not see an optical counterpart in our image within 3 arcsec 1 . For 50 further published object coordinates, the match to the visible sources is ambiguous -mostly due to the presence of multiple sources, but in a few cases also due to the fact that the only nearby visible source lies almost 3 arcsec away from the literature position. All of these published objects were excluded from our list, as well as one further object that potentially has wrong published coordinates 2 . This results in a final catalogue of 904 compact stellar systems that are spectroscopically confirmed cluster members, are covered by our mosaic, and are visually unambiguously identified with an optical source. The catalogue is available online. An excerpt is shown in Table 1 .
Despite the visually unique match, the literature position may of course still be slightly offset from the image position 3 , and other neighbouring sources may be present. In order to characterize this situation, we determined for each catalogue position whether a single source or multiple image sources are present within a 1 arcsec and 3 arcsec radius. For 792 catalogue positions (88%) there is only a single image source within 1 arcsec and no further image source within 3 arcsec. For 95 catalogue positions (11%) there is a single image source within 1 arcsec, and at least one further source within 3 arcsec. For 17 catalogue positions (2%) there is no image source within 1 arcsec, but either a single image source within 3 arcsec (15 objects) or multiple sources (2 objects 4 ). We remind that a visually unambiguous match is present for all 904 catalogue objects, including the 17 just mentioned.
Velocity compilation
In the literature compilation described in Section 2.2 that serves as the basis for our sample, each object only appears once, even if it is listed in several of the references. In order to compile all published heliocentric velocity measurements of a given object, we employed the following steps. First, we went through the list of compiled literature positions of our sample and extracted the nearest matching object within 1 arcsec from each of the literature references given in Section 2.2. Secondly, we repeated this for the list of image positions of our sample. Thirdly, we visually inspected the 1 These are the objects 78:103, GS04-M03:9, GS04-M03:30, and GS04-M03:127 from Schuberth et al. (2010), objects 75:56, 76:112, 78:13, and 78:110 from Dirsch et al. (2004) , and the following objects from Kissler-Patig et al. (1999) Gregg et al. (2009) is marked there as being the same source as object gc212.2 from Bergond et al. (2007) , but that object actually has different coordinates, offset by about 0.5 arcmin. We therefore excluded object 37 from our list. 3 The image position is based on the astrometric calibration of our mosaic (using the 2MASS catalogue), and obtained by fitting the PSF of the objects using the task allstar of the IRAF package DAOPHOT. 4 The two objects are not part of our working sample, since they have m Ve ≥ 21.5 mag. Table 1 . Catalogue of compact stellar systems compiled from the literature. The first five objects are given to illustrate the format of the table. The complete catalogue is provided in the electronic version of the paper. For each object we list our ID, the position based on our astrometry, as well as the SIMBAD identifier. The object IDs are sorted by increasing right ascension. The given velocity corresponds to the velocity with the smallest error from all compiled velocities. The respective literature source is listed in the last column, where 1 = Schuberth et al. (2010) location of all compiled positions, and only kept the unambiguous ones. This resulted in 440 objects of our sample having at least two velocity measurements, 80 having at least three, and 37 with four or more. For each object we adopted the velocity with the smallest error from all compiled velocities, which we include in our catalogue (see Table 1 ).
Working sample
The compiled catalogue contains objects in both the UCD and GC magnitude range. In the study presented here we define our working sample to include all objects brighter than mVe = 21.5 mag, corresponding to MVe < −10.0 mag at the distance of Fornax, i.e. the range of UCDs and bright GCs in the literature (Misgeld & Hilker 2011; Norris et al. 2014) . Due to the depth and seeing-limited resolution of our data, fainter objects (with their smaller intrinsic sizes, see e.g. Caso et al. 2013) could not be analysed robustly. In total our working sample contains 355 compact systems, which are indicated in Fig. 1 . Their V -equivalent magnitudes ('mag best') and the corresponding uncertainties (based on the weight image) were obtained with SExtractor 5 (Bertin & Arnouts 1996) and are provided in Table 3 . A rough estimate of the completeness of known compact stellar systems with MV < −10.3 mag in Fornax is given by Mieske et al. (2012) . Between distances of 50-100 kpc from the cluster centre (corresponding to 0.15
• and 0.29
• , respectively) the authors considered their sample to be complete to 60-70 per cent. At larger cluster-centric distances the completeness is expected to drop below 50 per cent. As discussed in Section 5.3 this does not affect the conclusions of our study.
ANALYSIS
The analysis of our working sample is based on both a visual investigation as well as on a parametrization of selected sample properties. We introduce parameters as a measure for the central core concentration as well as for the shape of the outer light distribution. The analysis is carried out relative to the PSF, which is determined from point sources in our data. Prior to the analysis we have removed large galaxies and stellar haloes by fitting and subtracting their light profile with the IRAF task ellipse (see Lisker et al. 2016 ).
PSF analysis and background correction
Due to changing seeing conditions over the course of our observing runs, aside from possible intrinsic variations due to the instrument, the PSF varies across the image. We therefore divided the mosaic into regions of similar FWHM, as indicated in Fig. 2 , and according to the distribution of our sample, i.e., only if an area contains published compact stellar systems, we define it as a PSF region. In each region we determined the PSF from suitable point sources (hereafter 'PSF stars') in the magnitude range 17.6 < mVe < 22.3 mag, using routines from the IRAF package DAOPHOT. The PSF was generated by an iterative approach. In a wide circle with a radius of 30 pixels (7.14 arcsec) around each PSF star, all neighbouring sources were subtracted using a firstestimate PSF. A new PSF model was then calculated based on the neighbour-subtracted PSF stars. We performed three iterations, which significantly reduced the contamination of flux from close neighbours to the PSF. The final PSF was subsequently fitted to our sample and subtracted, where we chose the fitting radius to be slightly larger than the typical FWHM of the respective region. Details on the PSF analysis and properties of the resulting PSFs are summarized in Table 2 .
For the following analysis we corrected large-scale background variations using a SExtractor background map determined from the full image. Remaining local background offsets were corrected for each object individually, by subtracting the median intensity within an annulus 5 pixels wide and with an inner radius of 20 pixels (1 pixel = 0.238 arcsec).
Core concentration
The core concentration is defined as the mean central flux ratio of the object to the fitted PSF and can be expressed in terms of the ratio of the PSF-subtracted residual image Table 2 . PSF analysis for regions of similar FWHM on the mosaic (see Fig. 2 ). For each region we specify the size of the region in pixels 2 , the number of compact stellar systems contained in the region, and the number of PSF stars used to build the PSF. The regions are listed with decreasing size. Working sample: compact objects brighter than m Ve = 21.5 mag. Fainter CSS: compact objects fainter than m Ve = 21.5 mag, which belong to the basis catalogue described in Section 2.2 and are given here for completeness only. For the resulting PSF we give the FWHM in pixels (1 pixel = 0.238 arcsec) and the ellipticity. Both quantities were obtained with the IRAF task psfmeasure, using a Gaussian profile. The last column gives the mean core concentration (cc) and the corresponding standard deviation of all PSF stars within one region (see Section 3.2). The positions of objects brighter than m Ve = 22 mag and with an FWHM below 7.5 pixels are shown, which were detected with SExtractor. The symbols are colour-coded according to the local minimum FWHM, determined within a circle of 500 pixels radius. We measured the FWHM of all SExtractor-detected objects with the IRAF task psfmeasure, using a Gaussian profile for the PSF. The numbered boxes indicate regions for which we determined an individual PSF. North is up and east is to the left. Side panels: variation of the minimum FWHM along x-/y-direction. The average of the 10 smallest FWHM values that occur in bins of 500 pixels is plotted.
Region
to the object image:
, where I obj corresponds to the object intensity, IPSF to the intensity of the fitted PSF, Ires to the residual intensity and npix is the number of pixels within the aperture over which is summed. The aperture width is on the order of one FWHM of the typical PSF. The ratio of the residual to the object image was obtained by dividing both images pixel by pixel. We provide the core concentration for our working sample in Table 3 . Fig. 3 (upper left panel) shows the distribution of the measured core concentration for our working sample and for the PSF stars used in the analysis. According to equation 1, a core concentration close to one indicates a PSF-like core, whereas lower values correspond to a less concentrated core. This is reflected in the distribution of the PSF stars, which is strongly peaked around a value of one. The vast majority of compact stellar systems has lower core concentrations than the PSF stars and follows a broader distribution that is skewed towards lower values. We find that the brighter objects from our working sample reach on average lower core concentrations than the fainter objects. This at least partly reflects the luminosity-size relation that exists for the brighter compact stellar systems, such that fainter systems appear PSF-like since they are unresolved in seeing-limited observations.
Due to the high S/N of the central pixels, the formal errors in core concentration are very small when considering uncertainties from photon statistics only
6 . An estimate for the (more relevant) uncertainty that stems from PSF fitting is given by the standard deviation of the core concentration of all PSF stars within one region (provided in column 8 of Table 2 ). This reflects the local FWHM variations as compared to the PSF model of the respective region.
Residual asymmetry and ellipticity
For measuring residual asymmetry and ellipticity, we chose to use the PSF-subtracted residual image with all negative pixels set to zero, to avoid effects from the central oversubtraction of the PSF core (see Fig. 4 , left-hand panels), as well as noise effects. For simplicity, we refer to this image as the residual image in this subsection. The residual asymmetry is defined in analogy to the Asymmetry parameter in Conselice et al. (2000):
Residual asymmetry = r≤12pix |Ires,corr − Ires,corr,180|
r≤12pix Ires
In order to avoid substantial noise effects due to the small number of pixels (as compared to galaxies), we consider only the flux that exceeds +1σ of the noise level 7 : Ires,corr is the intensity on the residual image minus the noise level of 0.023 counts, and is set to zero if this is negative. Ires,corr,180 is the corresponding intensity on the image rotated by 180
• . The sum of the absolute pixel-by-pixel differences of the original and rotated image is then normalized by the flux of the residual image. We use all pixels within a circular aperture with a radius of 12 pixels (> 2 PSF FWHM) around the object centre. Any residual light from extended structures is essentially unaffected by the PSF at a radius larger than 2 FWHM; thus a fixed radius ensures comparability of such structures across the mosaic. All close neighbouring sources (and their counterparts rotated by 180
• ) are masked, i.e., their pixels are not taken into account in the asymmetry calculation.
The ellipticity is defined as 1 − b/a, where b/a denotes the axis ratio. The latter is computed on the residual image from the second-order moments of the intensity distribution (as done in SExtractor), using the above aperture and neighbour masks.
We estimated the uncertainty in residual asymmetry and ellipticity through error propagation, using the noise level at a given object's position (provided by the weight image) as uncertainty of a pixel's flux. The derived parameter values and corresponding uncertainties are given in Table 3 . We display the distribution of both residual asymmetry and ellipticity in Fig. 3 (upper centre and upper right panels). The relations between core concentration, residual asymmetry and ellipticity are shown in Appendix A.
Comparison to artificial compact objects
We estimated which parameter values can arise due to the shape of the PSF or the profile type of the objects by combrighter than m Ve = 20.0 mag, and 0.13 per cent for fainter objects from our working sample. 7 The noise level of the deeper regions of the mosaic corresponds to µ Ve = 26.76 mag arcsec −2 or 0.023 counts, see Lisker et al. (2016) .
paring the parameters of our sample to the parameter range of artificially created compact objects in the same magnitude and size range. We realized the artificial objects using structural parameters of real Fornax and Virgo cluster UCDs from Evstigneeva et al. (2008) , where we selected 18 one-component UCDs, which have V −band magnitudes between 20.90 and 18.33 mag and effective radii between 4.0 and 29.5 pc. In addition to the observed structural parameters we created further models with different Sérsic indices ranging from n = 1 to 8. We generated each artificial model with a 10 times smaller pixel scale (i.e., 10 times better sampling) than our actual data, and then convolved it with each of our PSFs. This resulted in a set of roughly 2400 artificial objects for which we determined the core concentration, residual asymmetry, and ellipticity in the same way as for the real objects.
For the artificial objects we see a dependence of the core concentration (cc) on the PSF for some of our PSF models. Basically, the more extended (less concentrated) an object's core is intrinsically, the more the cc value gets lowered by the PSF convolution. This effect is enhanced when the PSF is broad, as compared to a reference PSF that is particularly symmetric and peaked. We chose the PSF from Region 2 (see Table 2 and Fig. 2 ) as reference PSF. For those PSFs showing the strongest deviations, the ratio of the cc value obtained with the reference PSF to the cc value obtained with the actual PSF depends roughly linearly on the latter. Therefore, we can determine correction factors, which need to be applied to the real objects to make their core concentration nearly independent of the PSF, and thus comparable to each other. Corrections were only applied for cc values lower than 0.95 and for five different PSFs (Regions 7, 9, 10, 11 and 13, see Table 2 ), according to:
Regions 10, 13 0.95 Regions 7, 9, 11,
where k(PSFi) is the PSF-dependent correction factor. In total we corrected cc values of 22 objects from our working sample. The difference between the corrected and uncorrected values never exceeds 10 per cent. We include the corrected core concentration in Table 3 .
We display the distribution of parameter values for the artificial compact objects in the lower panels of Fig. 3 . These show magnitude-dependent differences in their parameter range: brighter objects can reach lower core concentration, whereas fainter objects have in general somewhat higher residual asymmetry and ellipticity. As a consequence, we apply slightly different parameter cuts to our working sample for objects with mVe < 20.0 mag and for objects with 20.0 ≤ mVe < 21.5 mag when defining subsamples in the following analysis.
RESULTS
Peculiar compact stellar systems
We visually investigated compact stellar systems with high residual asymmetry and ellipticity as compared to Table 3 . Parameter catalogue for our working sample of spectroscopically confirmed Fornax cluster members with m Ve < 21.5 mag. The first five objects are printed below to illustrate the format of the table. We provide the complete table in the electronic version of the paper. ID: our object ID from Table 1 . m Ve : V -equivalent magnitude and corresponding uncertainty. Note that the magnitude uncertainties are purely based on S/N and do not include the calibration uncertainties mentioned in Section 2.1. Flag: 1 = magnitude and uncertainty obtained from SExtractor; 2 = magnitude and uncertainty obtained from PSF-fitting. cc: core concentration (uncorrected values, not used in the analysis). cccorr: PSF-corrected core concentration (see Section 3.4). An estimate for the uncertainty in core concentration, which is given for each region, can be inferred from column 8 of Table 2 . ra: residual asymmetry and corresponding uncertainty. el: ellipticity and corresponding uncertainty. A value of -99 for ellipticity or residual asymmetry denotes that it was not possible to determine the respective quantity. Sub.: subsample as defined in Table 5 ; cc+ra=1, cc+RA=2, CC+RA=3, cc+EL=4; Sub.=0 indicates that the object is not part of any subsample. Alt. sub.: alternative subsample as defined in Table B1 . Region: PSF-region (see Table 2 Figure 3. Distribution of parameter values for compact stellar systems and PSF stars. Our working sample corresponds to the red and blue histograms in the upper panels. For comparison we show the distributions of the artificial compact objects in the lower panels, which are represented by the red and blue histograms with lighter shading. Darker shading is used where histograms overlap. In both core concentration histograms we plot the PSF-corrected values (see Section 3.4). Our sample with m Ve < 20.0 mag contains 35 objects, the sample with 20.0 ≤ m Ve < 21.5 mag includes 320 objects. For three objects from the brighter and fourteen objects from the fainter sample no useful asymmetry value could be determined due to too little flux remaining in the residual image. The total number of artificial objects corresponds to 1170 for objects with m Ve < 20.0 mag, and to 1215 for objects with 20.0 ≤ m Ve < 21.5 mag. We note that although both real and artificial compact objects span the same magnitude range, the magnitude distribution of the artificial objects is discrete, since the models were created on the basis of magnitudes and sizes from only 18 real UCDs. Therefore the parameter distributions of the artificial objects should be used for guidance only.
the artificial compact objects. From our sample with mVe < 20.0 mag, we examined those objects with residual asymmetry higher than 0.5 or ellipticity higher than 0.2, corresponding to 34 or 25 per cent of all objects with a measured residual asymmetry parameter in that magnitude range. The overlap with the artificial objects that have residual asymmetries in this parameter range is 6 per cent. The overlap with regard to ellipticity is 5 per cent. From our sample with 20.0 ≤ mVe < 21.5 mag, we looked through all objects with a residual asymmetry higher than 0.55, corresponding to 38 per cent, or ellipticity higher than 0.25, corresponding to 16 per cent of compact stellar systems within that magnitude range. The overlap fractions with the artificial objects are 3 and 15 per cent, respectively. Our visual investigation revealed peculiar compact stellar systems, which are displayed in Fig 4. We compare each peculiar object to an artificial compact object of similar brightness that was convolved with the PSF of the corresponding region (see Fig. 4, right-hand panels) . The comparison illustrates that the peculiar appearance of the displayed objects is not due to PSF effects.
Parameters and spatial distribution
In this section we investigate whether there is a correlation between the parameters defined in Sections 3.2 and 3.3 and the spatial distribution of the brighter objects in our sample. For each parameter we defined a cut to separate objects with low-value from objects with high-value parameters. We then divided our sample into subsamples by combining different parameter cuts. The definition of the subsamples is specified in Table 4 . For simplicity, we denote low core concentration with 'cc', high core concentration with 'CC', and analogous for residual asymmetry (ra/RA) and ellipticity (el/EL). The parameter cuts for the defined subsamples are provided in Table 5 . We adopted the parameter cuts as well as a magnitude limit of mVe = 20.6 mag to yield the statistically most significant differences in the distribution of cluster-centric distance between the different subsamples. We note that the cc+ra subsample contains a higher fraction of bright objects than the other subsamples, yet also has the largest spread in luminosity. There are five objects with mVe < 20.6 mag that have no measured residual asymmetry and were therefore excluded from the following analysis. Fig. 5 shows the spatial distribution of our sample in the cluster, where we highlight the subsamples cc+ra, cc+RA, CC+RA and cc+EL. For comparison we also include low-mass cluster galaxies in the magnitude range −19 < Mr < −16 mag. We probed the differences in the cluster-centric distance distributions (measured from NGC 1399) statistically with a Kolmogorov-Smirnov (KS) test, as summarized in Table 6 , and provide a comparison of the cumulative distributions of cluster-centric distance for the defined subsamples in Fig. 6 .
We first compared the subsamples cc+ra, cc+RA, CC+RA and cc+EL to the respective other objects in the same magnitude range with mVe < 20.6 mag. We find that both the cc+RA and the cc+EL subsamples are predominantly located at larger cluster-centric distances. This difference is statistically significant according to a KS test, with a probability of 0.0 and 0.5 per cent, respectively, for both subsamples having the same cluster-centric distance distribution as the respective other objects in the same magnitude range. In the cc+ra and CC+RA subsamples most objects have smaller cluster-centric distances. The distribution of the cc+ra subsample is very similar to the overall distribution of respective other objects with mVe < 20.6 mag. The distribution of the CC+RA subsample even appears to be more concentrated 8 than the distribution of objects in the 8 This also shows that the centrally concentrated distribution of same magnitude range, although this difference has only a low statistical significance. Compared to the low-mass cluster galaxies, we find that the cc+RA and cc+EL subsamples appear similarly distributed, whereas the distribution of the cc+ra and CC+RA subsamples seems to be more centrally concentrated. When comparing the different subsamples to each other, we find the most significant differences between the clustercentric distance distributions of the cc+RA subsample as compared to the cc+ra and CC+RA subsamples, with a probability of 0.0 per cent, respectively, for having the same cluster-centric distance distribution. This is also seen for the cc+EL subsample, although with a lower statistical significance. We do not find significant differences between the distributions of the cc+ra and CC+RA subsamples. Also the distributions of the cc+RA and cc+EL subsamples are similar. But for the latter this is mainly due to the fact that the subsamples have some overlap in parameter range, since objects with high residual asymmetry can as well have high ellipticity, or vice versa.
In addition to the subsamples defined in Table 5 we provide an alternative subsample definition in Appendix B, where we set the parameter cut for the core concentration to a higher value in order to increase the number of objects in the subsamples with low core concentration. We do not find that our main results change significantly, although they have mainly lower statistical significances. For the CC+RA subsample, which includes fewer objects according to this parameter cut, we find that the more concentrated distribution, compared to the respective other objects of similar magnitude, becomes statistically more significant than previously, with a probability of 0.8 per cent for the same distribution.
Distribution in phase-space
In order to examine the phase-space distribution of compact stellar systems in the Fornax cluster, we define ∆v as an object's relative velocity with respect to the cluster mean velocity (1460 km s −1 ). The latter is the average velocity of Fornax cluster members within a clustercentric distance of 1
• , including all compact objects from our catalogue and galaxies from the Fornax cluster catalogue (FCC, Ferguson 1989) . We denote the corresponding standard deviation (324 km s −1 ) as the cluster velocity dispersion σ, R as the cluster-centric distance, and Rvir as its virial radius (assumed to be 0.85 Mpc or 2.5
• , which is the average of the 0.7 Mpc quoted by Drinkwater et al.
the cc+ra subsample is not related to the high fraction of bright objects in it, since the CC+RA subsample consists of fainter objects, but is even more concentrated. . Peculiar compact stellar systems from our sample (centre sub-panels). The PSF-subtracted residual images are displayed in the left-hand sub-panels. We compare each peculiar object to an artificial compact object of similar brightness that has been convolved with the PSF of the corresponding region (shown in the right-hand sub-panels). The parameters of the artificial objects are based on magnitudes and sizes measured by Evstigneeva et al. (2008) for 18 real one-component UCDs. In addition to the measured Sérsic index, we created further models with a Sérsic index in the range of n = 1 − 8. The artificial objects displayed here have an intermediate Sérsic index of n = 4. For each peculiar object, we selected the artificial object that is closest in magnitude. The displayed objects are sorted by decreasing magnitude (V −band equivalent) from panels (a) to (o). The width of a single sub-panel is 13 arcsec (1.2 kpc). In the following we list the ID of each peculiar object, as given in Tables 1 and 3 Table 5 . Parameter ranges for the subsamples cc+ra, cc+RA, CC+RA and cc+EL, defined such that they yield the statistically most significant differences in the distribution of cluster-centric distance. For each subsample we give the fraction of objects in the respective magnitude range and the overlap fractions with the artificial objects.
Subsample
Cuts for m Ve < 20.0 mag Objects Art. objects Cuts for 20.0 ≤ m Ve < 20.6 mag Objects Art. objects (per cent) (per cent) (per cent) (per cent) cc+ra cc < 0.77 and ra < 0.5 46.9 21.2 cc < 0.83 and ra < 0.55 17.5 0.0 cc+RA cc < 0.77 and ra > 0. Fig. 7 as ∆v/σ versus R/Rvir. We highlight the subsamples cc+ra, cc+RA, CC+RA and cc+EL, and further discriminate between very faint compact stellar systems in the magnitude range of GCs (mVe ≥ 21.5 mag, which are not part of our working sample), faint objects (20.6 ≤ mVe < 21.5 mag), and bright objects (mVe < 20.6 mag), and include low-mass galaxies in the magnitude range −19 < Mr < −16 mag for comparison. Table 7 summarizes the velocity dispersion for the various subsamples and cluster populations. We show the phase-space distribution of the alternative subsamples in Appendix B (Fig. B2 and Table B3 ).
Phase-space diagrams allow one to study the accretion history of a cluster population. For example, Noble et al. (2013) used caustic profiles, which are lines of constant (∆v/σ) × (R/Rvir), to distinguish between infalling and virialized cluster members, where higher values trace systems that were more recently accreted. In Fig. 7 we plotted caustic lines of constant (∆v/σ) × (R/Rvir) at ±0.1 and ±0.4, respectively. Cosmological simulations show that early accreted systems would be predominantly located within the inner caustic lines of ±0.1, systems accreted later between the caustics of ±0.1 and ±0.4, and recently accreted systems along or outside the caustic lines of ±0.4 (cf. Haines et al. 2012; Noble et al. 2013 ). . Spatial distribution of compact stellar systems in the Fornax cluster. For comparison we also show the distribution of the cluster galaxies. Faint CSS: compact objects with 20.6 ≤ m Ve < 21.5 mag. Bright CSS: compact objects with m Ve < 20.6 mag. Subsamples: cc+ra, cc+RA, CC+RA, cc+EL, as defined in Table 5 . Low-mass galaxies: galaxies with −19 < Mr < −16 mag from the Fornax cluster catalogue (FCC, Ferguson 1989 ; based on the magnitude conversions of Weinmann et al. 2011 ). Massive galaxies: galaxies with Mr ≤ −19 mag from the FCC. Each massive galaxy is represented by a circle with three times its isophotal diameter at µ B = 25 mag arcsec −2 , 3 d 25 (we used the extinction-corrected values for d 25 , obtained from HyperLEDA; Makarov et al. 2014 ). The two brightest galaxies are NGC 1399 in the centre and NGC 1404 to the south-east from it. We find that essentially all compact stellar systems are located within the inner caustics of ±0.1. Also some lowmass galaxies are found in this region, but many of them occupy the region in between the caustic lines of ±0.1 and ±0.4. This is also reflected in the velocity dispersion, where we find the lowest dispersion in particular for the compact stellar systems with mVe < 21.5 mag (the samples comprising the bright and faint CSS) and the highest for the low-mass galaxies.
Among the bright compact stellar systems with mVe < 20.6 mag, we do not find statistically significant differences in the velocity distribution of the four different subsamples. The main difference seems to be in the spatial distribution. However, with respect to the velocity dispersion, we find that the cc+ra subsample has on average Figure 6 . Cumulative distribution of projected cluster-centric distance (measured from NGC 1399) for the subsamples cc+ra, cc+RA, CC+RA and cc+EL. The distribution of all objects with m Ve < 20.6 mag ('Bright CSS') is shown for comparison. Table 7 . Velocity dispersion for very faint (m Ve ≥ 21.5 mag, not part of our working sample), faint (20.6 ≤ m Ve < 21.5 mag) and bright (m Ve < 20.6 mag) compact stellar systems, low-mass galaxies (FCC), and the subsamples cc+ra, cc+RA, CC+RA, cc+EL, as defined in Table 5 . The velocity dispersion of each subsample is calculated as standard deviation within a cluster-centric distance of R ≤ 1.0 • (σtot), R ≤ 0.4 • (σ in ) or 0.4 < R ≤ 1.0 • (σout), based on the velocities given in Table 1 . N obj corresponds to the number of objects from the respective subsample in the inner (N obj,in ) or outer (N obj,out ) cluster region. The velocity dispersion is given in km s −1 . 1.0 • corresponds to 0.346 and 0.4 • to 0.138 Mpc at the distance of Fornax. the lowest and the cc+EL subsample the highest velocity dispersion. The two subsamples cc+RA and CC+RA with large residual asymmetry have velocity dispersions in between. In the phase-space diagram we note that especially the cc+EL subsample is predominantly distributed along the inner caustic lines.
DISCUSSION
Analysis methods and limitations
The seeing FWHM varies over the mosaic, since the latter is based on images acquired in multiple nights and observing runs. In the PSF analysis we tried to account for this by determining the PSF in regions of similar FWHM, as indicated in Fig. 2 . In Region 3 of our mosaic we observe systematically lower core concentration for our sample with mVe < 21.5 mag. We investigated whether this effect could be due to a non-matching PSF. We therefore fitted PSFs from other regions on the mosaic to all objects from our sample that are located in Region 3. We find that the core concentration decreases when a PSF of smaller FWHM is used. Thus, if there are variations of the PSF FWHM on scales smaller than the considered region within which the PSF is determined, an artificially low core concentration can occur if an object is located in an area with locally larger FWHM than the PSF FWHM of that region. In order to estimate local variations of the FWHM we computed the minimum FWHM around each object. To find the minimum FWHM we first measured the FWHM of all objects in Region 3 with SExtractor. From all SExtractor-detected objects brighter than mVe = 22 mag we then determined the minimum FWHM within a circular area of 450 pixels (1.8 arcmin) in radius around each object. Finally we compared the local FWHM to the FWHM of the PSF stars from this region. In Region 3 we neither find a relation of core concentration with local FWHM, nor are all objects with low core concentration systematically located in areas with large local FWHM.
We extended this test to the full sample of compact stellar systems brighter than mVe = 20.6 mag and investigated how much a locally varying FWHM would affect our results from Section 4.2. We first computed the relative local FWHM for each object as difference between the measured local FWHM and the average FWHM of all PSF stars of the respective region. Since we found a slight dependence of the core concentration on the relative local FWHM for objects brighter than mVe = 20.6 mag, we defined a linearly varying parameter cut that follows this relation. We then defined new subsamples, using the parameter cuts for the residual asymmetry and ellipticity as specified in Table 5 , but with a linearly varying parameter cut for the core concentration. According to this definition, our main result that the subsamples with low core concentration and high residual asymmetry (or high ellipticity) are mainly distributed at larger cluster-centric distances remains unchanged 9 .
The angular resolution of our data limits our ability to identify possible blends of close neighbouring sources. Richtler et al. (2005) resolved one of the peculiar compact objects (Fig. 4, panel g ) into two sources. We therefore attempt to estimate how likely it is that all objects with significant asymmetry or ellipticity are blends. For this purpose we assume that objects that appear asymmetric or elongated could be blends if a close, up to three magnitudes fainter, neighbour source was located within a distance of 4 − 7 pixels (corresponding to 91 and 160 pc, respectively). When considering all objects from our bright sample (mVe < 20.6 mag) with high residual asymmetry . Phase-space distribution of compact stellar systems and low-mass galaxies in the Fornax cluster. Very faint CSS: compact objects with m Ve ≥ 21.5 mag (not part of our working sample). Faint CSS: compact objects with 20.6 ≤ m Ve < 21.5 mag. Bright CSS: compact objects with m Ve < 20.6 mag. Subsamples: cc+ra, cc+RA, CC+RA, cc+EL, as defined in Table 5 . Low-mass galaxies: galaxies with −19 < Mr < −16 mag from the FCC (Ferguson 1989 ; based on the magnitude conversions of Weinmann et al. 2011) . ∆v is the relative velocity of an object with respect to the cluster mean velocity (1460 km s −1 ). We denote σ as the cluster velocity dispersion (324 km s −1 ), R as the cluster-centric distance, and R vir as its virial radius (2.5 • , see Section 4.3). The mean velocity and dispersion were calculated from all compact stellar systems and FCC galaxies within a cluster-centric distance of 1.0 • . The solid lines correspond to caustic lines of constant (∆v/σ) × (R/R vir ) at ±0.1 and ±0.4, respectively.
or high ellipticity (according to the definition in Table 5 ), which have cluster-centric distances between 20 and 160 kpc, we find an expected number density of faint sources of 0.09 arcsec −2 if all those objects were blends. For comparison, the observed number density of faint sources with magnitudes 20.6 < mVe < 23.6 mag located within the same area is 0.003 objects arcsec −2 . Thus, only a single one of the 32 bright asymmetric or elongated objects we observe in this area would statistically be expected to be a blend. We note, however, that an overdensity of GCs within 1 kpc of brighter compact stellar systems, including a fraction within 300 pc, was recently reported by Voggel et al. (2016) . We may thus expect a few blends among the said objects.
Peculiar compact stellar systems in the Fornax cluster
We report the discovery of peculiar compact stellar systems in the Fornax cluster, which appear asymmetric or elongated in our images (illustrated in Fig. 4) . The presence of a few peculiar objects in Fornax was already noted by Richtler et al. (2005) and Voggel et al. (2016) 10 . Some compact Fornax cluster members have previously been observed with HST (Evstigneeva et al. 2008) . Two of them are also shown in Fig. 4 (panels d and h ), but we note that a direct comparison of the inner structure is not possible due to our much broader PSF. At the same time the HST images are too shallow for a comparison of the outer, lowsurface-brightness structure that we are able to measure in our data. The azimuthally averaged UCD surface-brightness profiles of Evstigneeva et al. (2008) at best (see their fig. 1 ), whereas we reach an image depth of 26.8 mag arcsec −2 at S/N = 1 per pixel (see Section 2.1). In the Virgo cluster the structure of a large sample of UCDs has been investigated by Liu et al. (2015) , revealing faint envelopes around many of the objects. However, objects with similarly asymmetric appearance as observed in our data were not reported. In the cluster Abell S0740, Blakeslee et al. (2009) detected faint envelopes around candidate UCDs, which show signs of being elongated in HST images.
There are two main formation scenarios discussed in the literature, relating UCDs to either the population of galaxies or to the population of star clusters. In the former case, it is suggested that UCDs may be the remnant nuclei of tidally stripped nucleated dwarf galaxies (e.g. Bekki et al. 2003a; Pfeffer & Baumgardt 2013) . In a star cluster origin, UCDs may grow to sizes and masses larger than typical GCs, if they form in star cluster complexes by merging of young massive star clusters (e.g. Fellhauer & Kroupa 2005) .
According to simulations by Bekki et al. (2003a) , observable signatures of a tidal stripping origin would be tidal tails as well as relics from the envelope of the progenitor galaxy that has been stripped. Lisker et al. (2016) did not find any diffuse streams that would be signs of tidal debris around any of the 904 spectroscopically confirmed objects in our compiled catalogue. As noted by Lisker et al. (2016) , such streams should be visible in most parts of the mosaic if their surface brightness level is in the range 27.5 µVe 28.0 mag arcsec −2 . The absence of visible tidal debris does not necessarily need to be in contradiction to a tidal stripping origin of these objects. Pfeffer et al. (2014) showed, based on cosmological simulations, that most lowmass cluster galaxies were disrupted already many gigayears ago. Thus, if most of the compact stellar systems resulted from early stripping events, we simply might not be able to observe relics of tidal debris any more today, since tidal tails disperse on time-scales of a few Gyr (Pfeffer & Baumgardt 2013) . However, Brüns & Kroupa (2012) predicted that an object formed via merging of massive star clusters in a star cluster complex would also be surrounded by a faint stellar envelope, thus exhibiting a similar two-component surfacebrightness profile as reported in the tidal stripping simulations. Therefore, without the detection of the predicted long tidal streams, we cannot discriminate between a stripping or a merging origin.
In the star cluster merging scenario described by 10 Two of our displayed objects were shown in Richtler et al. (2005) (Fig. 4, panels g and n) . The object in panel (n) was also pointed out by Voggel et al. (2016) to be peculiar. Brüns & Kroupa (2011) , the forming object can look quite asymmetric as long as the merger is not yet complete. However, the authors showed that star clusters in a cluster complex typically merge on time-scales of only a few hundred Myr. As a consequence, if the structures we observe for the peculiar systems in Fig. 4 are signatures of an ongoing star cluster merger, then these should be comparatively young systems. This seems to be in contradiction with the observation that UCDs have in general old stellar populations Paudel et al. 2010; Francis et al. 2012) .
On the other hand, Fellhauer & Kroupa (2005) reported that a merger remnant would be stable over a time-scale of 10 Gyr. Thus, compact objects may have formed from star cluster merging already in very early phases during the formation of the Fornax cluster core, when the merging of gasrich galaxies possibly offered conditions for strong starbursts in which large star cluster complexes are thought to form. At the same time Fellhauer & Kroupa (2005) demonstrated that such a merger remnant constantly loses some of its mass with every pericentric passage due to the tidal field of the cluster. Therefore the peculiar structures of some compact systems may not stem from an ongoing merger of star clusters, but may be associated with the deformation or disruption of an extended star cluster that formed via star cluster merging when the Fornax cluster core assembled. Disruption signatures can thus not necessarily discriminate between the proposed formation scenarios of compact stellar systems.
To estimate whether tidal stripping would be efficient for disturbing the outer structure of an UCD-like compact object orbiting in the Fornax cluster, we calculate the tidal radius according to King (1962) :
where Rperi is the pericentric distance, M obj the total mass of the object, M cl (Rperi) the enclosed cluster mass within Rperi and e the eccentricity of the orbit for which we adopt a value of 0.5 11 . For a typical UCD-like object with a mass of M obj = 10 7 M ⊙ , when assuming it reaches an orbital pericentre of Rperi = 20 kpc, the tidal radius would be in the range of 200 − 300 pc, depending on the adopted mass profile for the Fornax cluster Richtler et al. 2008; Schuberth et al. 2010) . While this is already on the order of 10 effective radii for a UCD of mass M obj = 10 7 M ⊙ (cf. Norris et al. 2014) , we would be able to observe such an object out to its tidal radius in our deep imaging data, according to the surface-brightness profiles of typical UCDs (see fig. 1 of De Propris et al. 2005 ). This estimate shows that distortions of the outer structure due to tidal stripping could be expected for objects with close cluster-centric passages. However, since the tidal radius of an object solely depends on its total mass, and not on how the object mass is distributed, it is not possible to infer the nature of the disturbed object, whether it is the remains of a stripped galaxy or an extended star cluster in process of disruption.
For the above estimate of the tidal radius we assumed that the objects would be only influenced by the cluster's tidal field. None the less, some objects may be more strongly affected by very close bright galaxies, especially further out from the cluster centre. Schuberth et al. (2008) investigated whether some compact stellar systems with MV < −9.5 mag were consistent with being associated with any of the ten brightest galaxies in the Fornax cluster core, according to their spatial and velocity distribution. The authors showed that among the compact objects, which are located within a projected distance of 1.5 d25
12 from a bright galaxy, the metal-rich (red) objects have velocities not deviating by more than 100 km s −1 from the velocity of the closest massive galaxy, whereas the metal-poor (blue) objects seem to be characterized by a larger spread in velocities. The remaining objects at distances larger than 1.5 d25 from any bright galaxy seem to be consistent with being kinematically associated with the extended GC system of NGC 1399, out to a cluster-centric distance of 30 arcmin.
In Fig. 5 , showing the spatial distribution of known Fornax cluster members, we represented each massive galaxy with Mr ≤ −19 mag by three times its isophotal diameter (3 d25). We find that only few objects from our subsamples lie close in projection to a bright galaxy other than NGC 1399, and of these only a minor fraction also has a similar velocity 13 . Therefore we see no indication that a significant fraction of objects from our subsamples is bound to massive galaxies with Mr ≤ −19 mag other than NGC 1399.
Spatial and phase-space distribution of compact stellar systems
In general it is observed that GCs and galaxies have different spatial distributions in galaxy clusters. For example Zhang et al. (2015) observed that in the central core region of Virgo, the dwarf ellipticals (dEs) have a much flatter number density profile than the GCs. In Fornax it was also found that the GC population of NGC 1399 is much more centrally concentrated than the surrounding dEs (Gregg et al. 2009; Hilker, M. 2011 ). Gregg et al. (2009 reported that the UCDs in Fornax have lower velocity dispersions than both the GCs and the low-mass galaxies in the core region, which we also find in this work. Schuberth et al. (2010) further distinguished between red and blue GCs, and their analysis showed that UCDs have a velocity dispersion lower than that of the blue GCs, but higher than that of the red GCs. In Sections 4.2 and 4.3 we investigated the spatial and phase-space distribution of compact stellar systems in the Fornax cluster, where we focused on the distribution of objects with mVe < 20.6 mag (MVe < −11.1 mag), corresponding to the brighter UCD magnitude range. We compared the differences in the cluster-centric distance distributions 12 d 25 is the isophotal diameter of a galaxy at µ B = 25 mag arcsec −2 . 13 We find that the following number of objects from our subsamples are located within a distance of r = 1.5 d 25 from a massive galaxy with Mr ≤ −19 mag other than NGC 1399: 4 out of 25 in cc+ra, 3 out of 14 in cc+RA, 7 out of 29 in CC+RA, and 4 out of 12 in cc+EL. When we require additionally a relative velocity smaller than ∆v = 200 km s −1 , the number of objects is: 1 in cc+ra, 1 in cc+RA, 3 in CC+RA, and 2 in cc+EL.
of smaller subsamples, where we categorized the objects according their core concentration, residual asymmetry, and ellipticity. In the following we discuss the results on the spatial and phase-space distribution of our subsamples in terms of the origin and nature of compact stellar systems.
We find that the objects in the subsample with low core concentration and high residual asymmetry, as well as in the subsample with low core concentration and high ellipticity, are predominantly distributed at larger cluster-centric distances, compared to objects in the same magnitude range but with different parameters 14 . Their extended galaxy-like spatial distribution might favour a formation scenario in which they are remnants of stripped low-mass galaxies 15 . However, since their location at larger cluster-centric distances implies a currently large tidal radius, their structure could only be explained by tidal stripping if these objects are on rather eccentric orbits with small pericentre distances, such that they possibly approached the cluster centre very closely at earlier times. We observe that especially the subsample with low core concentration and high ellipticity has high velocities relative to the Fornax cluster, which would be expected for radial orbits. This subsample is mainly distributed along the inner caustic lines of constant (∆v/σ) × (R/Rvir) = ±0.1 and seems to integrate smoothly into the phase-space distribution of low-mass cluster galaxies. This could indicate that these objects, or their progenitors, may have been accreted more recently compared to the overall population of compact stellar systems in the UCD and GC magnitude range, which are predominantly confined within those caustics.
In the Virgo cluster, observations of a large sample of UCDs around M87 point in a similar direction: UCDs at cluster-centric distances larger than 40 kpc have a radially biased orbital structure consistent with that of stripped galaxies on radial orbits (Zhang et al. 2015) . Although no compact stellar systems with obvious distorted outer structures have been reported in Virgo so far, Liu et al. (2015) observed that compact objects with signs of a faint stellar envelope are found only at distances larger than 0.1
• (corresponding to 28,8 kpc at a distance of 16.5 Mpc for Virgo; Blakeslee et al. 2009 ) from the two brightest cluster galaxies M87 and M49, respectively. Their distribution is, however, still more concentrated than that of the cluster's dwarf galaxy population. The authors interpret this sequence of decreasing envelope fraction with decreasing cluster-centric distance as an indication that tidal stripping of nucleated dwarf galaxies plays an important role for the population of compact stellar systems in Virgo.
In Fornax, when defining a subsample of objects with no signs of distortions 16 , we find the majority of these objects distributed at small cluster-centric distances. This would at least not imply recent stripping, if these objects were stripped galaxies at all. Instead, these objects might already be stripped down to their tidal radius. This could be expected if the objects had been accreted at very early times, and had been exposed for longer to the cluster tidal field than, e.g., the objects with low core concentration and high residual asymmetry (or high ellipticity). This would be supported by their lower velocity dispersion, compared to other subsamples. Smith et al. (2015) , who studied the effects of harassment on early-type dwarf galaxies in galaxy clusters with numerical simulations, concluded that strongly harassed galaxies would be characterized by low orbital velocities. However, for this subset of objects with no signs of distortions, we would not exclude a star cluster origin either. Based on the spatial and phase-space distribution alone, it may be difficult to disentangle a star cluster from a galaxy origin -possible progenitor galaxies may have been accreted very early on, or even formed at the same epoch as massive star clusters. For example, Bournaud et al. (2008) predicted that during the formation of giant ellipticals through mergers of gas-rich galaxies, tidal dwarf galaxies (M * = 10 8 − 10 9 M ⊙ ) could form along with massive star clusters (M * = 10 5 − 10 7 M ⊙ ). Notwithstanding these considerations, the best candidates for a star cluster origin among the considered subsamples seem to be the objects with high core concentration and high residual asymmetry. Their distribution is very centrally concentrated and looks quite different from the distribution one would expect for galaxies. Moreover, this subsample is characterized by a higher core concentration, i.e. having a more star-like central component. Possibly we observe here a population of bright deformed star clusters instead of remnants of stripped galaxies. Since most of the objects are in close proximity to NGC 1399 the tidal radius would be quite small so that current stripping or deformation could indeed be expected. Some objects of this subsample are located in between NGC 1399 and the close elliptical galaxy NGC 1404 to the south-east from it (see Fig. 5 ). Kim et al. (2013) and D'Abrusco et al. (2016) took an overabundance of GCs between NGC 1399 and NGC 1404 (as well as other surrounding galaxies) as an indication for interactions in the recent past, which was also simulated by Bekki et al. (2003b) . Thus, some of our objects with high core concentration and high residual asymmetry may have been distorted and also freed from their parent galaxies during possible interactions of massive cluster galaxies in the Fornax cluster core.
CONCLUSIONS
Our deep imaging data of the Fornax cluster core reveal peculiar compact stellar systems, which appear asymmetric or elongated. From their structure alone we cannot infer their origin, whether these objects are luminous star clusters in the process of disruption or possible remnants of stripped galaxies. However, the spatial distribution of objects with low core concentration and high residual asymmetry (or high ellipticity) at mainly larger cluster-centric distances may be explained with a galaxy origin of at least some of these objects. This is also supported by the high relative velocities we observe in particular for the objects with low core concentration and high ellipticity.
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APPENDIX A: PARAMETER RELATIONS
In Fig. A1 we display the relations between the parameters core concentration, residual asymmetry, and ellipticity, which we derived in Section 3 for our working sample.
APPENDIX B: ALTERNATIVE SUBSAMPLE DEFINITION
In Table B1 we defined alternative subsamples, where we set the cut for the core concentration to a higher value in order to increase the number of objects in the subsamples with low core concentration. We show the spatial distributions of the alternative subsamples in Fig. B1 , and summarize the KS test results in Table B2 , in analogy to Section 4.2. Fig. B2 shows the distribution of the alternative subsamples in phase-space. We include the velocity dispersions of the alternative subsamples in Table B3 . This paper has been typeset from a T E X/L A T E X file prepared by the author. Table B1 . Parameter ranges for the alternative subsamples cc+ra, cc+RA, CC+RA and cc+EL. Compared to the definition in Table 5 , the cut for the core concentration is set to a higher value. The residual asymmetry and ellipticity cuts remain unchanged. For each alternative subsample we give the fraction of objects in the respective magnitude range and the overlap fractions with the artificial objects.
Alternative
Alternative cuts for Objects Art. objects Alternative cuts for Objects Art. objects subsample m Table B3 . Velocity dispersion for the alternative subsamples. The velocity dispersion of each subsample is calculated as standard deviation within a cluster-centric distance of R ≤ 1.0 • (σtot), R ≤ 0.4 • (σ in ) or 0.4 < R ≤ 1.0 • (σout), based on the velocities given in Table 1 . N obj corresponds to the number of objects from the respective subsample in the inner (N obj,in ) or outer (N obj,out ) cluster region. The velocity dispersion is given in km s −1 . Figure B1 . Spatial distribution of compact stellar systems in the Fornax cluster. Same as Fig. 5 , but illustrating the alternative subsamples. For comparison we also show the distribution of the cluster galaxies. Faint CSS: compact objects with 20.6 ≤ m Ve < 21.5 mag. Bright CSS: compact objects with m Ve < 20.6 mag. Alternative subsamples: cc+ra, cc+RA, CC+RA, cc+EL, as defined in Table B1 . Low-mass galaxies: galaxies with −19 < Mr < −16 mag from the Fornax cluster catalogue (FCC, Ferguson 1989 ; based on the magnitude conversions of Weinmann et al. 2011 ). Massive galaxies: galaxies with Mr ≤ −19 mag from the FCC. Each massive galaxy is represented by a circle with three times its isophotal diameter at µ B = 25 mag arcsec −2 , 3 d 25 (we used the extinction-corrected values for d 25 , obtained from HyperLEDA). The two brightest galaxies are NGC 1399 in the centre and NGC 1404 to the south-east from it. Figure B2 . Phase-space distribution of compact stellar systems and low-mass galaxies in the Fornax cluster. Same as Fig. 7 , but illustrating the alternative subsamples. Very faint CSS: compact objects with m Ve ≥ 21.5 mag (not part of our working sample). Faint CSS: compact objects with 20.6 ≤ m Ve < 21.5 mag. Bright CSS: compact objects with m Ve < 20.6 mag. Subsamples: cc+ra, cc+RA, CC+RA, cc+EL, as defined in Table 5 . Low-mass galaxies: galaxies with −19 < Mr < −16 mag from the FCC (Ferguson 1989 ; based on the magnitude conversions of Weinmann et al. 2011) . ∆v is the relative velocity of an object with respect to the cluster mean velocity (1460 km s −1 ). We denote σ as the cluster velocity dispersion (324 km s −1 ), R as the cluster-centric distance, and R vir as its virial radius (2.5 • , see Section 4.3). The mean velocity and dispersion were calculated from all compact stellar systems and FCC galaxies within a cluster-centric distance of 1.0 • . The solid lines correspond to caustic lines of constant (∆v/σ) × (R/R vir ) at ±0.1 and ±0.4, respectively.
